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The structures of 1-trimethylsilyl-1,2,3-benzotriazole and 2-trimethylsilyl-1,3-thiazole have been
determined by gas electron diffraction and computational methods. While 1-trimethylsilyl-1,2,3-
benzotriazole shows a signiﬁcant asymmetry in the way the SiMe3 groups bonds to the ring system, the
same is not true for 2-trimethylsilyl-1,3-thiazole. However, it has been shown that when the positions of
formal single and double bonds in the rings systems are considered, the silyl groups in both compounds
are displaced towards the neighbouring ring nitrogen atom. Calculated structures of a series of
analogous compounds with different substituents on silicon show only minor variations in the extent of
the distortion, although with hydrogen instead of a silyl group the displacement is signiﬁcantly smaller.
Introduction
One might expect that when a silyl group is bonded to a nitrogen
atom of an aromatic ring, the angles between the N–Si bond
and the two adjacent ring bonds would be more or less equal.
They are not. In 1-trimethylsilyltetrazole (1) they differ by more
than 15◦, as shown by experimental (gas electron diffraction)
and computational work, with the NNSi angle being larger than
CNSi.1 Similarly highly asymmetric coordination of an SiMe3
group to nitrogen in an unsaturated ring was observed in 1-
trimethylsilyl-1,2,4-triazole (2).1 Calculations have shown that
this effect is mostly an inherent property of the tetrazole or
triazole ring. Simple VSEPR theory also predicts asymmetric
coordination, although it cannot predict the size of the difference.
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These phenomena have been studied further by determining
the structures of 1-trimethylsilyl-1,2,3-benzotriazole (3) and 2-
trimethylsilyl-1,3-thiazole (4) using gas-phase electron diffraction
(GED) and computational chemistry techniques. By doing this we
have widened the study of asymmetric coordination to include an
example with a similar motif to those in 1-trimethylsilyltetrazole
and 1-trimethylsilyl-1,2,4-triazole, but with an extra fused ring
present, and to one that is rather different.
In 3 the silyl group is bound to a ring nitrogen atom, and the
group is bent towards the second ring nitrogen. In 4 the silyl group
is coordinated to carbon and the adjacent ring atoms are sulfur
and nitrogen. In this case, because there is a double bond adjacent
to the substituent atom, one might expect the N=C–Si andN=C–S
angles to be rather similar, andmuch wider than the Si–C–S angle,
but in fact the SiMe3 group is coordinated almost symmetrically
to the ring. So in both molecules, although they are of rather
different types, the Si–X–N angles are narrower than might be
expected at ﬁrst sight. Does this indicate that there is an attractive
force between silicon and nitrogen, even though the nitrogen does
not have a lone pair of electrons in an orbital that would allow
donation to silicon?To answer this question computational studies
have been performed on both molecules, and also on a range of
related molecules with different substituents on silicon.
Experimental
Computational
Ab initio calculations were performed for both 3 and 4 and a
numberof other 1-silyl-1,2,3-benzotriazole and2-silyl-1,3-thiazole
derivatives using the Gaussian 03 suite of programs.2 Most
calculations were performed using the computational resources
of the NSCCS.3 Potential-energy scans were used to identify
conformational isomerism with respect to rotation about the
Si–N or Si–C bonds. Geometry optimisations were then car-
ried out using several methods, namely restricted Hartree–Fock
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(RHF), MP2, and hybrid-DFT (B3PW91 and B3LYP). Pople-
style basis sets 3-21G, 6-31G, and 6-311G including both diffuse
(+) and polarisation (*) functions for both heavy and light atoms
were used. In addition, frequency calculations were performed
using the RHF and hybrid-DFT methods to evaluate whether an
optimised structure represented a minimum (all real frequency
values) or otherwise on the potential-energy surface (PES).
Gas-phase electron diffraction
1-Trimethylsilyl-1,2,3-benzotriazole (3) and 2-trimethlysilyl-1,3-
thiazole (4), both with stated purity in excess of 97%, were pur-
chased from Sigma-Aldrich and used without further puriﬁcation.
Electron diffraction data for both 3 and 4were collected on Ko-
dak Electron Image ﬁlms using the Edinburgh gas-phase electron
diffraction apparatus.4 The sample and nozzle temperatures for
the experiments are listed in Table S1.† The accelerating voltage
of 40 kV resulted in an electron wavelength of ca. 6 pm. Nozzle-
to-ﬁlm distances were determined by analysis of the scattering
patterns of benzene, recorded immediately before or after the
sample patterns. Details of weighting functions, s ranges, scale
factors and correlation parameters are also given in Table S1.†
Scattering intensities were digitised using an Epson Expression
1680 Pro ﬂatbed scanner and corrected to mean optical densities
as a function of the scattering variable, s, using an established
program.5 The data were reduced and analysed with the ed@ed
v2.1 program6 using the scattering factors of Ross et al.7
Results
Computational study
Derivatives of 1,2,3-benzotriazole. For eight 1-X3-nX¢nSi
derivatives of 1,2,3-benzotriazole (X, X¢ = H, F, Cl, Me; n =
1–3) potential-energy scans about the XSiNN dihedral were per-
formed at the RHF/6-31G* level to identify any conformational
isomers. For each of 1-H3Si-1,2,3-benzotriazole and 1-F3Si-1,2,3-
benzotriazole the scans showed that only one conformer exists,
namely a Cs-symmetric structure with one silyl substituent anti
to the nitrogen atom (Fig. 1). In addition to the anti conformer,
the curve for 1-Me3Si-1,2,3-benzotriazole (3) shows the presence
of a second conformer, with a methyl carbon syn to the nitrogen
Fig. 1 Potential-energy scans (RHF/6-31G*) of fXSiNN for
1-X3Si-1,2,3-benzotriazole [X = H (), F (), Me (H17009)].
atom. The potential-energy scan indicates that the syn conformer
is approximately 0.3 kJ mol-1 (RHF/6-31G*) more stable than
the anti conformer. Fig. 2 shows the structures of generic anti and
syn conformers for SiX3 compounds. The presence or otherwise
of these conformers can be explained by reference to the nature
of the substituents. In the SiMe3 case syn and anti conformers are
more or less equally likely and there is no reason to believe that
for steric reasons this would be any different for the other SiX3
compounds. However, when X is a halogen atom, the X ◊ ◊ ◊H(C)
distance is approximately 260 pm and this attractive interaction
could stabilise the anti conformation.
Fig. 2 Diagrams showing generic (a) anti and (b) syn conformers of
1-X3Si-1,2,3-benzotriazole.
The scans for the remaining molecules [1-FH2Si-1,2,3-
benzotriazole, 1-ClH2Si-1,2,3-benzotriazole and 1-ClMe2Si-1,2,3-
benzotriazole (Fig. 3) and 1-Cl2HSi-1,2,3-benzotriazole (Fig. 4)]
are more complicated. 1-ClMe2Si-1,2,3-Benzotriazole has an
extremely shallow minimum representing a syn conformer (i.e. the
Fig. 3 Potential-energy scans (RHF/6-31G*) of fXSiNN for
1-FH2Si-1,2,3-benzotriazole (X = F; ), 1-ClH2Si-1,2,3-benzotriazole
(X = Cl;) and 1-ClMe2Si-1,2,3-benzotriazole (X = Cl; H17009).
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halogen is syn with respect to nitrogen), although this is about
17 kJ mol-1 higher in energy than its gauche conformer. While
1-ClH2Si-1,2,3-benzotriazole has only one conformer (with a
dihedral angle of approximately 90◦) 1-FH2Si-1,2,3-benzotriazole
also has a shallow potential minimum about 3 kJ mol-1 higher in
energy, with a dihedral angle of approximately 150◦.
The potential-energy scan for 1-Cl2HSi-1,2,3-benzotriazole
(Fig. 4) is completely different, as it has two minima differing
by 180◦ in the HSiNN dihedral angle. The hydrogen atom can
therefore eclipse the nitrogen atom in the ring or, 6 kJ mol-1 higher
in energy, eclipse the carbon atom. In each case both chlorine
atoms lie out of the ring plane by 60◦. So overall, of the four
compounds studied, one has one minimum, and the other three
each have two, but separated by 60, 120 and 180◦.
Fig. 4 Potential-energy scan (RHF/6-31G*) of fHSiNN for
1-Cl2HSi-1,2,3-benzotriazole.
Geometry optimisations and frequency calculations were per-
formed at RHF and hybrid-DFT levels of theory, conﬁrming
that the minima found in the potential-energy scans were real.
MP2 calculations were then performed to obtain more accurate
geometrical parameters for eachmolecule. Table 1 gives a selection
of bond lengths and angles for the syn conformer of 3 calculated at
different levels of theory and compares them with results from the
GED experiment. Parameters for the anti conformer were close
to those listed, except for the angles speciﬁcally identiﬁed in the
table.
Derivatives of 2-silyl-1,3-thiazole. Potential-energy scans were
performed at the RHF/6-31G* level for three 2-X3Si and four
2-X2X¢Si derivatives of 1,3-thiazole (X, X¢ = H, F, Cl, Me), to
identify the presence of different conformers. For each of the X3Si
derivatives the potential-energy curves showed minima only for
the anti conformations. The energy barriers for rotation to the
next anti conformation were around 1.5 kJ mol-1 for the H3Si and
Me3Si compounds, but for the F3Si derivative were comparatively
high, at 3.7 kJ mol-1 (Fig. 5). This reﬂects what was observed for
the equivalent H3Si and F3Si derivatives of 1,2,3-benzotriazole,
although this time there were no intermediate potential minima
for the Me3Si derivative.
The potential-energy curves for the monohalogenated deriva-
tives of thiazole identify anti conformers as having the lowest
energies (Fig. 6). The curves for the FH2Si and ClH2Si derivatives
are very similar, with the exception of the energy differences
Table 1 Comparison of ab initio and hybrid-DFT (6-311++G**) and
GED data for 1-trimethylsilyl-1,2,3-benzotriazole, 3 (bond lengths in pm
and angles in ◦)
Parameters GED RHF MP2 B3PW91
rSiN 180.6(8) 179.8 181.0 181.3
rSiC 186.1(3) 187.3 186.6 187.2
rCH 109.5(4) 108.3 109.2 109.1
rN(2)C(6) 136.3(4) 136.7 137.1 137.3
rN(2)N(3) 138.7(5) 134.7 137.4 137.6
rN(3)N(4) 131.3(5) 124.7 131.7 128.3
rN(4)C(5) 136.3(4) 137.3 137.2 137.6
rC(5)C(6) 142.0(4) 138.2 141.5 140.7
rC(5)C(13) 140.9(1) 139.8 140.9 140.1
rC(6)C(7) 140.9(1) 140.2 140.9 140.2
rC(7)C(9) 138.7(4) 137.1 139.1 138.5
rC(9)C(11) 142.5(4) 141.2 142.1 141.2
rC(11)C(13) 138.3(4) 136.9 138.9 138.2
∠NSiC 106.8(3) 107.6 106.2 107.0
∠SiCH 111.9(5) 111.0 110.9 111.0
∠Si(1)N(2)N(3) syn 117.4(6) 119.9 119.9 119.8
∠Si(1)N(2)N(3) anti 112.6(6) 115.2 114.3 114.9
∠Si(1)N(2)C(6) syn 134.2(10) 132.3 131.1 132.1
∠Si(1)N(2)C(6) anti 138.2(10) 137.0 136.7 136.8
∠N(2)N(3)N(4) 109.8(4) 111.7 109.8 110.5
∠N(3)N(2)C(6) 109.2(3) 107.7 109.0 108.2
∠N(3)N(4)C(5) 107.3(3) 108.3 107.9 108.4
∠N(4)C(5)C(6) 110.0(2) 107.8 108.8 108.3
∠N(2)C(6)C(5) 103.7(2) 104.6 104.5 104.6
∠C(5)C(6)C(7) 121.6(5) 121.1 121.8 121.2
∠C(6)C(7)C(9) 117.9(5) 116.7 116.5 116.9
∠C(7)C(9)C(11) 121.0(6) 122.2 121.9 122.1
∠C(9)C(11)C(13) 121.1(8) 120.9 121.6 121.1
∠C(5)C(13)C(11) 118.9(9) 117.2 117.1 117.4
∠C(6)C(5)C(13) 119.6(8) 121.9 121.0 121.4
∠C(6)C(7)H(8) 123.6(11) 122.5 122.5 122.3
∠C(7)C(9)H(10) 120.1(13) 119.1 119.0 119.0
∠C(9)C(11)H(12) 119.1(7) 119.0 118.8 119.0
∠C(11)C(13)H(14) 121.0(11) 122.0 122.2 122.1
Fig. 5 Potential-energy scans (RHF/6-31G*) of fXSiCN for
2-X3Si-1,3-thiazole [X = H (), F (), Me (H17009)].
between their respective anti and gauche conformations. The
minimum for the gauche conformer of 2-ClH2Si-1,3-thiazole is
predicted to be very shallow. There is no minimum apparent
at the corresponding gauche position in the potential-energy
curve for the ClMe2Si derivative, but subsequent geometry op-
timisations and frequency calculations did give a structure with
only real frequencies. It may be that the step size used for the
potential-energy scan for this compound was too large. However,
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Fig. 6 Potential-energy scans (RHF/6-31G*) of fXSiCN for
2-FH2Si-1,3-thiazole (X = F; ), 2-ClH2Si-1,3-thiazole (X = Cl; ) and
2-ClMe2Si-1,3-thiazole (X = Cl;H17009).
MP2/6-311++G** calculations showed that the gauche confor-
mation fell back into an anti minimum and therefore conﬁrmed
the potential-energy scan for 2-ClMe2Si-1,3-thiazole.
The potential-energy scan for 2-FH2Si-1,3-thiazole predicted
the presence of both gauche and anti conformers, but the geometry
optimisations and frequency calculations that followed showed
that at the RHF/6-311G* level the gauche form transformed into
the anti conformer. The size of the basis set used in the calculations
therefore has a critical inﬂuence on the number of conformers
predicted. MP2 calculations were then performed to obtain more
accurate geometric data for all identiﬁed conformers.
The potential-energy curve for 2-Cl2HSi-1,3-thiazole (Fig. 7) is
quite different. The chlorine atoms would be anti with respect to
the ring nitrogen atom when the HSiCN dihedral angle was ±60◦.
In fact there are two minima, at about ±30◦, with a very shallow
barrier between them. A third minimum, about 5 kJ mol-1 higher
in energy, exists for a dihedral angle of 180◦.
Fig. 7 Potential-energy scan (RHF/6-31G*) of fHSiCN for 2-Cl2HSi-
1,3-thiazole.
Selected bond lengths and angles for 4 calculated at various
levels of theory and their experimental equivalents are given in
Table 2.
Table 2 Comparison of ab initio and hybrid DFT (6-311++G**), and
GED data of 2-trimethylsilyl-1,3-thiazole, 4 (bond lengths in pm and all
angles in ◦)
Parameters GED RHF MP2 B3PW91
rSiCMe 185.5(2) 188.1 187.5 189.7
rSi(1)C(2) 188.3(5) 190.9 188.5 187.9
rCH 110.8(3) 108.4 109.2 109.2
rC(2)N(3) 134.5(6) 128.6 133.4 130.9
rC(2)S(6) 171.8(5) 174.3 173.9 175.5
rN(3)C(4) 137.0(5) 137.4 136.6 136.6
rC(4)C(5) 138.7(6) 134.4 138.3 136.5
rC(5)S(6) 170.0(5) 172.1 170.6 171.7
∠Si(1)C(2)N(3) 120.4(4) 121.4 121.9 122.7
∠Si(1)C(2)S(6) 125.4(4) 125.6 125.1 124.6
∠C(2)N(3)C(4) 110.0(4) 112.3 111.2 112.2
∠N(3)C(2)S(6) 114.3(4) 113.0 113.0 112.7
∠N(3)C(4)C(5) 115.4(4) 115.6 115.5 115.7
∠C(4)C(5)S(6) 110.0(2) 109.4 109.7 109.6
∠C(5)S(6)C(2) 90.3(2) 89.7 90.5 89.9
∠C(5)C(4)H(7) 124.8(2) 125.3 124.7 124.8
∠S(6)C(5)H(8) 121.9(1) 122.3 122.1 121.8
∠C(2)Si(1)C(9) 111.8(7) 108.6 108.0 108.4
∠C(2)Si(1)C(13/17) 107.1(7) 107.7 107.6 107.7
∠SiCH 112.1(4) 111.0 110.9 111.0
fN(3)C(2)Si(1)C(9) 180.0(2) 180.0 180.0 180.0
fN(3)C(2)Si(1)C(13/17)a 59.2(3) 59.9 59.9 59.7
fC(2)Si(1)CH(14/18)a 57.2(7) 57.6 57.0 57.2
fC(2)Si(1)CH(15/20)a 62.8(7) 62.4 62.4 62.6
fC(2)Si(1)CH(16/19)a 177.2(7) 177.5 177.2 177.0
fC(2)Si(1)CH(10/11)a 60.0(3) 60.6 60.5 60.6
fC(2)Si(1)CH(12) 180.0(3) 180.0 180.0 180.0
a Only the absolute value is considered.
GED
1-Trimethylsilyl-1,2,3-benzotriazole. The ab initio potential-
energy surface scans had revealed two minima (representing
anti and syn conformers; Fig. 1) for 1-trimethylsilyl-1,2,3-
benzotriazole, and zero-point corrected free energies (RHF/3-
21G*) give the energy difference as 0.16 kJ mol-1, with the syn
conformer lower in energy. Because the calculated difference in
energy between the two conformers was much smaller than kT
a dynamic model of the torsional motion was used. A potential-
energy function (eqn (1))was used tomodel six pseudo-conformers
with C(15)Si(1)N(2)N(3) torsion angles (f) of 5, 15, 25, 35, 45 and
55◦, numbered 1 to 6, respectively. See Fig. 8 for the structure of
conformer 1 and the atom numbering scheme.
En(fn) = A(1 - cos 3fn) + B(1 - cos 6fn) (1)
where n is the number of the conformer (1 to 6), En is the energy of
conformer n in kJ mol-1 and fn is the C(15)Si(1)N(2)N(3) dihedral
angle of conformer n.
The Boltzmann distribution was then used to give the relative
abundances of these six conformers, which together represent the
complete distribution of torsion angles.
The potential-energy scan of fC(15)Si(1)N(2)N(3) also re-
vealed that the SiNC and SiNN angles depended on
fC(15)Si(1)N(2)N(3). An additional equation (eqn (2)) was there-
fore implemented in the model to deﬁne the SiNC angle for each
conformer
an(fn) = asyn + Da(1 - cos 3fn) (2)
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Fig. 8 Molecular structure and numbering scheme used for conformer 1
of 1-trimethylsilyl-1,2,3-benzotriazole (3). Numbering for conformers 2 to
6 is obtained by adding (n - 1) ¥ 26 to the numbering scheme below.
where n is the number of the conformer (1 to 6), an is the SiNN
angle of conformer n, fn is the C(15)Si(1)N(2)N(3) dihedral in
conformer n, asyn is the SiNC angle of the syn (lowest energy)
conformer and Da is the difference between ∠SiNC for the syn
and anti conformers.
As the molecule was planar at nitrogen throughout the series
of geometry optimisations, the SiNN angle was calculated using
eqn (3)
an(SiNN) = 360◦ - an(SiNC) - an(CNN) (3)
where an(SiNN) represents ∠Si(1)N(2)N(3) for conformer n,
an(SiNC) represents ∠Si(1)N(2)C(6) for conformer n amd
an(CNN) represents ∠C(6)N(2)N(3) for conformer n.
Because the amount of experimental data available was limited
and many parameters were required to model six different con-
formations, some assumptions were incorporated into the model
describing the geometry of 1-trimethylsilyl-1,2,3-benzotriazole.
From the geometry optimisations (MP2/6-311++G**) of the syn
and anti conformers it was noted that equivalent bond lengths
within the aromatic ring system differed by no more than 0.1 pm
and that the bond angles in the benzotriazole moiety differed by
nomore than 0.5◦. It was therefore decided to use a single value for
each separate bond length and angle in the benzotriazole moiety
to reduce the number of parameters. Very similar observations
were made for the remainder of the molecule. The only exceptions
were the Si(1)N(2)N(3)/C(6) angles and the torsion angles. As
both themethyl and trimethylsilyl groupswere calculated (MP2/6-
311++G**) to be close toC3v local symmetry, all SiC, SiN andCH
bond lengths were replaced by an average value in each case, as
were the HCH and CSiC angles. All six conformers were therefore
modelled with local C3v symmetry for the methyl and silyl groups
and an identical benzotriazole moiety. These assumptions and the
implementation of eqn (1) and (3) (i.e.modelling the conformation
and the SiNN/C angle) enabled a reduction in the number of
independent parameters to 29 instead of the 150 or so that would
have been required if each conformer had an individual set of
parameters.
The set of 29 parameters, which included four bond lengths and
nine difference parameters, eight bond angles and one difference
parameter, four tilt parameters for hydrogen atoms, one torsion
angle and two potential-energy terms,A and B, used for eqn (1), is
listed in Table S2;† Fig. 8 shows the numbering scheme. Once all
conformers were built and their energy differences obtained with
respect to the lowest energy form, the relative amounts of each
conformer were calculated using the Boltzmann distribution and
the temperature of the experiment.After a full reﬁnement hadbeen
performed, a scan of the terms A and B in the potential-energy
equation was made to evaluate esd values for those parameters.
For each step of the scans the RG values were obtained and used
to produce a plot (Fig. 9) of RG/RG(min) against the terms A and B.
Hamilton’s tables of R-factor ratios8 established the esds.
Fig. 9 Plot of RG/RG(min) against potential-energy terms A (p28) and B (p29)
for 1-trimethylsilyl-1,2,3-benzotriazole.A andB are in kJmol-1;RG/RG(min)
is dimensionless. The innermost region indicates the 50% conﬁdence limit,
the next region just around it represents the 75% limit and the outermost
enclosed region represents the 90% conﬁdence limit.
Of the 29 parameters used for the reﬁnement of the GED
structure of 1-Me3Si-1,2,3-benzotriazole, 21 were reﬁned, subject
to 10 restraints applied using the SARACEN method.9 One
dependent angle was also restrained. In addition, nine sets of
amplitudes of vibration were reﬁned. The overall RG value for
the reﬁnement was 0.080 (RD = 0.051). The ﬁnal observed
anddifference (experimentalminus theoretical) radial-distribution
curves are shown in Fig. 10 and the molecular-scattering intensity
curves in Fig. S1.†
Interatomic distances and amplitudes of vibration for the
reﬁnement are given in Table S3, and the ﬁnal least-squares
correlation matrix in Table S4.† Final GED coordinates
and calculated coordinates (MP2/6-311++G**) for conformer 1
are given in Tables S5 and S6, respectively.†
2-Trimethylsilyl-1,3-thiazole. A model of 2-trimethylsilyl-1,3-
thiazole was built inCs symmetry, consistent with the results of the
ab initio calculations. Applying local C3v symmetry to methyl and
silyl groups, a total of 19 parameters was required. The molecule,
including atom numbering, is shown in Fig. 11. A full description
of the model is given in Electronic Supplementary Information
(Table S7).†
All but two of the 19 parameters used in the GED model
were reﬁned. Restraints were applied to nine parameters. In
addition seven sets of amplitudes were reﬁned, of which ﬁve
required restraints. The structure reﬁned to give a ﬁnal RG
value of 0.082 (RD = 0.058). Fig. 12 shows the ﬁnal observed
anddifference radial-distribution curves. Themolecular-scattering
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Fig. 10 Radial distribution curve for the reﬁned structure of 1-trimethyl-
silyl-1,2,3-benzotriazole (3). Before Fourier inversion the scattering data
were multiplied by s ¥ exp(-0.00002s2)/(ZSi - f Si)(ZN - f N).
Fig. 11 Reﬁned gas-phase structure of 2-trimethylsilyl-1,3-thiazole (4).
Fig. 12 Radial-distribution curve of the reﬁned structure of 2-trimethyl-
silyl-1,3-thiazole (4). Before Fourier inversion the scattering data were
multiplied by s ¥ exp(-0.00002s2)/(ZS - f S)(ZN - f N).
intensity curves are shown in Fig. S2.† Interatomic distances and
amplitudes of reﬁnement are given in Table S8, and the ﬁnal least-
squares correlation matrix in Table S9. Final GED coordinates
and calculated coordinates (MP2/6-311++G**) are given in
Tables S10 and S11, respectively.†
Discussion
1,2,3-Benzotriazole and its derivatives
The reﬁned geometric parameters for 1-Me3Si-1,2,3-benzotriazole
are in reasonable agreement with ab initio and hybrid-DFT
parameters (Table 1). From ab initio and hybrid-DFT calculations
it was apparent that 1-Me3Si-1,2,3-benzotriazole does not show
strong interaction between silicon and the second ring nitrogen
atom—the so-called a effect (here referring to the interaction
between nitrogen acceptor and geminal silicon donor atom),11
but there are aspects of the molecular structure that require
explanation. The experimental SiNN angle for the anti conformer
is, at 112.6◦, the smallest in this series of molecules with anchored
SiNN units, whereas the experimental SiNC angle is the largest,
at 138.2◦. The difference between these two parameters is 25.6◦,
so the coordination of the trimethylsilyl group to the ring is
markedly asymmetric. However, in order to gauge the relevance
of the sizes of these angles, ab initio and hybrid DFT calculations
were performed on the parent 1,2,3-benzotriazole and on some
of its 1-X3-nXn¢Si-1,2,3-benzotriazole derivatives (X, X¢ = H, Me,
F, Cl).
The parent molecule, 1,2,3-benzotriazole, can serve as a bench-
mark. Its calculated angles at N1 [N(2) in our numbering scheme]
are given in Table 3, and the signiﬁcant parameter in terms
of asymmetric coordination of the substituent on this nitrogen
atom is the difference between the calculated HNC and HNN
angles, 11.4◦. This difference parameter, which is a measure of
the asymmetry of the coordinate to the substituent on nitrogen,
varies from 6.3 to 22.4◦ in the compounds listed in Table 3. The
largest value is for the anti-Me3Si compound, and the smallest for
syn-ClMe2Si-1,2,3-benzotriazole.
There are three types of interactions that have signiﬁcant
impact on these angles. In simple terms, they are (a) repulsion
between a methyl group on silicon and the hydrogen atom on
C(7) [see Fig. 8 for the atom numbering scheme], (b) attraction
between a halogen atom, in an equivalent position on silicon, and
the hydrogen atom on C(7), and (c) attraction between silicon
and the ring nitrogen atom, N(3). None of these can apply to
the parent 1,2,3-benzotriazole, so the modest asymmetry of the
coordination of the hydrogen atom to nitrogen in this case has
to be an inherent property of the ring system. The N(2)N(3) and
Table 3 Comparison of bond angles (◦) around N(2) of derivatives of
1,2,3-benzotriazole from ab initio calculations (MP2/6-311++G**)
Derivative
∠X(1)-
N(2)N(3)
∠X(1)-
N(2)C(6)
XNC–
XNN
∠N(3)-
N(2)C(6)
H- 118.5 129.9 11.4 111.6
anti-H3Si- 117.1 133.7 16.6 109.2
syn-Me3Si- 119.9 131.1 11.2 109.0
anti-Me3Si- 114.3 136.7 22.4 109.0
anti-F3Si- 116.6 134.0 17.4 109.4
gauche-FH2Si- 117.9 132.6 14.7 108.9
gauche-ClH2Si- 119.1 132.8 13.7 107.9
gauche-ClMe2Si- 118.6 131.0 12.4 109.1
syn-ClMe2Si- 122.3 128.6 6.3 109.1
syn-Cl2HSi- 118.1 132.6 14.5 109.3
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N(3)N(4) distances in the NH compound are 135.6 and 131.6 pm,
respectively. The N(2)N(3) distance is longer than N(3)N(4), as
was the case for 3, although the difference is larger in 3. For
both these molecules the lengths of the bonds N(2)N(3) relative
to N(3)N(4) suggests that the former is more like single bond.
For 3 N(2)C(6) and N(4)C(5) are almost equal in length and in
the hydrogen-substituted analogue they differ by only 1.2 pm, and
are therefore close to what one would expect for a fully aromatic
system.More double-bond character in the ring on one side of the
nitrogen atom that one the other would lead to one angle to the
substituent being larger that the other. The picture is therefore at
least self-consistent.
Replacing the hydrogen substituent on N(2) with a silyl (SiH3)
group has remarkably little effect, and for the syn conformer
of the Me3Si derivative the situation is similar. But twist the
trimethylsilyl group to give the anti conformer and the SiNN and
SiCN angles each change by more than 6◦. Ab initio calculations
(MP2/6-311++G**) showed that the distance between H(8) and
the hydrogen atoms H(16) and H(18) was just 240.1 pm, which
is almost exactly the sum of van der Waals radii between two
hydrogen atoms. As the hydrogen atoms are all bonded to carbon
atoms, they carry a partial positive charge. Therefore, if the
hydrogen atoms come too close to one another the repulsion
terms increase and consequently raise the energy of the molecule.
However, the overall energy is barely raised. This suggests that
there is more to the angle change than just a steric effect. The
methyl groups withdraw electron density from silicon, leaving it
with a partial positive charge, and thus facilitating electrostatic
attraction between N(3) and Si(1)—but this should not depend on
the conformation adopted by the trimethylsilyl group.
In the case of 1-F3Si-1,2,3-benzotriazole only the anti conformer
exists. There could be attraction between a ﬂuorine atom and the
hydrogen on C(7), and relative to the trimethylsilyl analogue there
is a 2◦ shift of the substituent away from N(3) and towards C(6).
The distance between the anti ﬂuorine and H(8) is 258.3 pm. The
combined van der Waals radii of hydrogen and ﬂuorine amount
to 267 pm, so the short interaction suggests that there is a weak
intramolecular hydrogen bond. Its presence appears to be the
reason why the triﬂuorosilyl derivative has the largest barrier
to internal rotation of any of the 1-X3Si-1,2,3-benzotriazole
derivatives investigated in this study (Fig. 1). Considering that
intramolecular hydrogen bonds can be stabilising factors for
certain conformations of a molecule, it is at ﬁrst sight surprising
that the SiNN angle is not larger, thus strengthening the hydrogen
bond between H(8) and the anti-positioned ﬂuorine. The anti
ﬂuorine atom is more than 310 pm away from the nearest carbon
atom of the benzene moiety, so there is no conﬂict there. The more
likely explanation for this phenomenon is that of electrostatic
attractions between silicon and its geminal nitrogen. The three
ﬂuorine atoms draw the electron density away from silicon leaving
it with a high partial positive charge. Nitrogen, on the other hand,
carries a partial negative charge. The charge difference between
these two atoms appears to cause the SiNN angle to contract
relative to the HNN angle found in 1,2,3-benzotriazole.
1,3-Thiazole and its derivatives
The experimental and theoretical SiCN angles in 2-Me3Si-1,3-
thiazole (4), 120.4(4) and 121.9◦, respectively, do not of themselves
Table 4 Comparison of bond angles (◦) from ab initio calculations
(MP2/6-311++G**) around C(2) of halogenated and non-halogenated
derivatives of 1,3-thiazole
Derivative ∠X(1)C(2)N(3) ∠X(1)C(2)S(6) ∠N(3)C(2)S(6)
H- 123.8 120.7 115.4
anti-H3Si- 122.1 124.5 113.4
anti-Me3Si- 121.9 125.1 113.0
anti-F3Si- 120.6 125.2 114.1
anti-FH2Si- 119.8 126.3 113.8
gauche-ClH2Si- 121.7 124.6 113.6
anti-ClH2Si- 119.4 126.7 113.8
anti-ClMe2Si- 119.1 127.3 113.6
anti-Cl2HSi-a 122.3 123.9 113.9
gauche-Cl2HSi-a 119.5 126.3 114.0
a The single H atom is anti or gauche to the nitrogen atom.
suggest that they are narrowed by any intramolecular effects
such as the a effect, although they are a little smaller than the
SiCS angles, 125.4(4) and 125.1◦. However, the structure needs
to be analysed more carefully. In the thiazole ring, C(2)N(3) and
C(4)C(5) are formally double bonds. Angles at the sp2-hybridised
atoms involved in double bonds are not all close to 120◦, but
those adjacent to the double bond are usually substantially larger,
particularly with a silicon substituent. For example, the Si–C=C
angle in trans-1,2-dichloro-1,2-disilylethene is 128.1(1)◦.10 The
observed angles in 4, with SiCN about 4◦ smaller than SiCS,
suggests that there is a displacement of the trimethylsilyl group
towards the ring nitrogen atom by an amount broadly comparable
to that in the benzotriazole.
We have therefore investigated 1,3-thiazole and a series of
its 2-silyl derivatives by theoretical means (Table 4). There is a
consistent pattern in the silyl compounds, with the SiCN angle
smaller than SiCS in every case, by 1.6 to 8.2◦. However, in
the parent compound, with hydrogen instead of silicon bonded
to C(2), the HCS angle is smaller than HCN. This difference
seems strange, but again we need to remember that C(2)N(3)
is formally a double bond, whereas C(2)S(6) is single. Allowing
for this, the C(2)H bond is displaced towards, not away from,
the ring nitrogen atom, but the amount of the displacement is
several degrees smaller than those of the silyl groups. The pattern is
therefore exactly the same aswe have observed in the benzotriazole
derivatives.
The largest differences between the SiCN and SiCS angles were
found for the anti conformer of 2-ClH2Si-1,3-thiazole, at 7.3◦, and
for anti 2-ClMe2Si-1,3-thiazole, at 8.2◦. The N(3)C(2)S(6) angles
of the silyl derivatives of thiazole were mostly around 113.6◦, but
115.4◦ in the parent compound.
Conclusions
Experimental and computed structures of a series of 1-silyl-
1,2,3-benzotriazole and 2-silyl-1,3-thiazole derivatives, with dif-
ferent substituents on silicon, show signiﬁcant distortion of
the silyl groups towards the neighbouring ring nitrogen atom.
The extent of the distortion varies a little with the nature and
conformation of the substituents, but when there is a hydrogen
atom instead of a silyl group the displacement is signiﬁcantly
smaller.
3032 | Dalton Trans., 2009, 3026–3033 This journal is © The Royal Society of Chemistry 2009
Acknowledgements
We are grateful for the award of computational time by the
National Service for Computational Chemistry Software and
to the EPSRC, who funded the electron diffraction research
(EP/C513649).
References
1 D. A. Wann, I. Gronde, T. Foerster, S. A. Hayes, S. L. Masters, H. E.
Robertson, N. W. Mitzel and D. W. H. Rankin, Dalton Trans., 2008,
3817.
2 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L.Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M.W. Gill, B. G. Johnson,
W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople, GAUSSIAN 03
(Revision C.02), Gaussian, Inc., Wallingford, CT, 2004.
3 National Service for Computational Chemistry Software, URL:
http://www.nsccs.ac.uk.
4 C. M. Huntley, G. S. Laurenson and D. W. H. Rankin, J. Chem. Soc.,
Dalton Trans., 1980, 954.
5 H. Fleischer, D. A. Wann, S. L. Hinchley, K. B. Borisenko, J. R. Lewis,
R. J. Mawhorter, H. E. Robertson and D.W. H. Rankin,Dalton Trans.,
2005, 3221.
6 S. L. Hinchley, H. E. Robertson, K. B. Borisenko, A. R. Turner, B. F.
Johnston, D. W. H. Rankin, M. Ahmadian, J. N. Jones and A. H.
Cowley, Dalton Trans., 2004, 2469.
7 A. W. Ross, M. Fink and R. Hilderbrandt, International Tables for
Crystallography, ed. A. J. C. Wilson, Kluwer Academic Publishers,
Dordrecht, Netherlands, 1992, vol. C, p. 245.
8 W. C. Hamilton, Acta Crystallogr., 1965, 18, 502.
9 A. J. Blake, P. T. Brain,H.McNab, J.Miller, C.A.Morrison, S. Parsons,
D. W. H. Rankin, H. E. Robertson and B. A. Smart, J. Phys. Chem.,
1996, 100, 12280; P. T. Brain, C. A. Morrison, S. Parsons and D. W. H.
Rankin, J. Chem. Soc., Dalton Trans., 1996, 4589; N. W. Mitzel and
D. W. H. Rankin, Dalton Trans., 2003, 3650.
10 L. J. McLachlan, S. L. Hinchley, D. W. H. Rankin, C. A. Morrison,
H. E. Robertson, N.W.Mitzel, C. Ru¨dinger andH. Schmidbaur, Inorg.
Chem., 2003, 42, 6539.
11 N. W. Mitzel, K. Vojinovic´, T. Foerster, H. E. Robertson, K. B.
Borisenko and D. W. H. Rankin, Chem.–Eur. J., 2005, 11, 5114;
N. W. Mitzel, K. Vojinovic´, R. Fro¨hlich, T. Foerster, H. E. Robertson,
K. B. Borisenko and D. W. H. Rankin, J. Am. Chem. Soc., 2005, 127,
13705.
This journal is © The Royal Society of Chemistry 2009 Dalton Trans., 2009, 3026–3033 | 3033
